Introduction
The first pandemic reportedly occurred in 412 BC, 1,2 and the first attributed to influenza in 1580. 2, 3 Since then, 31 influenza pandemics have been described; the five most recent in 1889, 1900, 1918, 1957 and 1968 , [1] [2] [3] [4] [5] were separated respectively by 11, 18, 39 and 11 years. 6 The present threat of a new influenza pandemic is at the origin of renewed interest in the 1918 Spanish flu, as it was undoubtedly the most deadly influenza pandemic in modern history. Recently, Murray et al. extrapolated, in their paper published in 2006, the potential global pandemic influenza mortality occurring in 2004, based on data from the 1918-1920 influenza pandemic. 7 However, the exact death toll of the 1918 pandemic remains very imprecise. A first American report in 1927 suggested that the main 1918-1919 wave was responsible for 21 millions of deaths worldwide. 8 A revised estimation of influenza pandemic mortality given in 1991 was 24AE7-39AE3 million, 9 and another published in 2002 even set the death toll up to 100 million to take into account the lack of data in a large part of the world. 10 The lack of reliable mortality data in a large part of the world leads to reliance on anecdotal evidence and extrapolation of mortality rates for entire countries from punctual information obtained in highly specific settings. 11, 12 Concerning Europe, we are aware of only three published papers reporting estimates of the mortality burden. 7, 9, 10 Herein, we analyzed the mortality data obtained during the pandemic, in 14 European countries, which accounted for 75% of the European population in 1918.
Methods
Monthly all-cause deaths of civilians 1906-1936 were obtained from a book published, 13 in 1954, by the French National Institute of Demographic Study, which compiled official demographic and vital statistics from several countries, including 14 European countries. For each country, all-cause death counts were available on a monthly basis, except for England and Wales, for which only quarterly data are available. The observed data were standardized to mortality rates per 10 000 inhabitants using the corresponding yearly population-count estimates.
We used a periodic equation to model the monthly baseline mortality rate (B t ) of years 1906-1922:
with, respectively, n = 12 or n = 4 when monthly or quarterly data were analyzed. In this model, the baseline mortality rate depends on time t through a constant term a 0, a secular trend a 1 , annual predictors c 1 and d 1 , semiannual predictors c 2 and d 2 and an error term e t . The unknown parameters were estimated at maximum likelihood from the fit of a linear regression to data from a 'training' period, extending from 1906 to 1917. The estimation was based on the time series truncated from the values observed during the epidemic periods, 15 defined as the 3 consecutive month period with the highest incidence. More precisely, from each annual August 1-July 31 window, we removed the trimester with the highest mortality to take into account seasonal influenza, and the associated annual excess mortality. The August-July period was used because seasonal influenza epidemics occur from fall to spring in Europe.
The baseline model described above was extrapolated to the years 1918-1922. We defined excess-mortality periods as those starting when observed mortality exceeded the upper limit of the prediction interval [threshold = E (B t ) + 1AE96 · sd (e t )], for at least 2 consecutive months (one trimester for England and Wales) and ending when the observed mortality fell below the upper limit of the prediction interval. Excess mortality was calculated as the difference between observed and expected baseline deaths during the excess-mortality period (Figure 1 ). Cumulative excess mortality was determined throughout the entire pandemic period, 1918-1919.
For Finland, we subtracted from excess deaths, the 30 000 deaths attributed to the Finnish civil war (JanuaryMay 1918). Data for the civilian mortality rates in Germany presented a step pattern for the period 1914-1918, probably reflecting mismatched definitions of population counts and deaths as a result of changing geographical borders. Therefore, we first replaced the linear trend of mortality rates during 1914-1918 by those of the surrounding years (1906-1913 and 1919-1936) , and obtained excess mortality as described above.
We also compared the excess mortality in each of the 14 countries during the 1918-1919 pandemic with the excess mortality during the rest of the years (1906-1917; 1920-1922) to determine how worse the 1918 period was compared with those seasons.
All statistical calculations were obtained with R Software. 16 
Results
Cumulative excess deaths during the 1918-1919 period were 1AE98 million in 14 countries in Europe accounting for 75% of the population, an increase of 86% more deaths from baseline. Extrapolating that figure to the rest of Europe, the estimated total mortality in Europe during the 1918 pandemic would be 2AE64 (@1AE98 ⁄ 0AE75) million deaths, i.e. 1AE1% of the entire population estimated at 250 million in 1918. 17 Excess mortality was found to be strongly country dependent. The highest cumulative excess ⁄ predicted mortality ratio was observed in Italy (+172%) during the pandemic period (peaked in October 1918), following by Bulgaria and Portugal (+102% each), Spain (+87%), the Netherlands (+84%), Sweden (+74%), Germany (+73%), Switzerland (+69%), France (+66%), Norway (+65%), Denmark (+58%), Scotland (+57%) and England and Wales (+55%), with the lowest ratio being seen in Finland (+33%)( Table 1 ). The highest excess-mortality rate (per 10 000 inhabitants) cumulated throughout the entire excess-mortality period was observed in Portugal (233 ⁄ 10 000 inhabitants), followed by Italy, Spain, Bulgaria, Switzerland, Finland, France, Germany, Sweden, Nether- Overall, the excess mortality found during the pandemic was 3AE5 times higher than the excess mortality found in the rest of the 1906-1922 period. This ratio ranged between 1AE6 (Finland) and 6AE1 (Portugal) ( Table 2 ). Figure 2 . Excess-mortality rates* cumulated throughout the entire excess-mortality period in each European country. Note the north-south gradient in the progressively darker shades of gray, *( ⁄ 10 000 inhabitants). We found a statistically significant negative correlation (Spearman's rank correlation q = )0AE66; P = 0AE013) between excess mortality and latitude (Figure 2 ), meaning that northern countries experienced significantly less mortality, while Southern Europe suffered significantly more excess deaths. No relationship between excess mortality and longitude was observed (Spearman's rank correlation q = )0AE20; P = 0AE48).
Countries were clustered according to their mortality patterns (Figure 3 ): countries with one sharp mortality peak (e.g. Portugal, Spain, Italy, Bulgaria), countries with two major peaks (e.g. Switzerland, Scotland, Netherlands and France), country with several successive peaks (only Finland).
Excess mortality was time dependent: the start and stop months of the excess-mortality period varied across the continent and occurred in four waves ( Figure 4 , Table 1 ). Moreover, an early first wave of deaths, occurring between March 1918 and July 1918, was observed in six countries (Bulgaria, Portugal, Germany, Finland, Switzerland and Spain) (Figure 4) . Importantly, the excessdeath curves could be temporally superposed, albeit not of the same intensity, for 1918-1919, with mortality peaking in all countries within a 2-month window (October-November 1918, Figure 3) , defined as the second wave (Figure 4) . In five countries (Spain, Denmark, Finland, Germany and Switzerland), a late peak between January 1920 and April 1920 was recorded. That fourth wave in 1920 was not taken into account in estimating the cumulative excess-death rates for the entire pandemic period.
Discussion-Conclusion
The limitation of any study focused on mortality burden at the epoch of the Spanish pandemic depends on the exhaustiveness of the data. During this period, vital statistics were sometimes described as being in their infancy. 18 Official reports could be incomplete (destruction of archives or late recording). 10 Data were often scattered in various places or sources, making their collection for analyses difficult. This is the reason why earlier publications were based on various documents dating from 1918 to 1919 (medical journals, daily newspapers and archives). In this study we took advantage of the existence of vital statistics compiled in European countries by demographers, using a homogeneous method. 13 Thus, we retrieved reliable all-cause mortality data from 14 European countries. We used the information available on the monthly variations of death figures to estimate the pandemic mortality burden, based on the values of a 12 years 'learning' period with seasonal influenza. Three previous assessments of the European pandemic burden were published. 7,9,10 These assessments were done on different sets of European countries. None of them took account of the seasonal variations of mortality. The recent estimates provided by Murray et al., 7 were for example computed by simply making the difference between the 1918 and 1920 yearly mortality data and the values observed in the preceding and succeeding 3-year periods. The comparison of the datasets used in the different mortality assessments, and the results obtained, are shown in Figure 5 . There is a good agreement between the four reports in a majority of countries. The largest observed differences between estimates were in Germany, Italy and Spain. The changes in borders and the mass population movements related to World War 1 may be one reason for these discrepancies. For example, in Germany, we checked that using the raw data (not corrected for the mismatches of populations and deaths) would have lowered our estimation of 426 574 to 340 000, changing the excess mortality estimate from 73 to 67%. In total, however, the agreement between estimates are more remarkable than the discrepancies. For example, the total European burden was estimated at 2 300 000 in the two first reports, published in 1991 and 2002, based respectively on 18 countries 9 and 21 countries, 10 at 2 005 569 deaths in the paper from Murray et al. 7 (total of their 13 European values) versus 1 980 950 deaths in this report.
As the 14 European countries we have studied in this paper represented 75% of the European population at that time, one can deduce that 2AE6 million excess deaths (1AE1% of the total population) occurred in Europe during the period when Spanish flu was circulating. American excess deaths during the same period were estimated at 550 000 (corresponding to 0AE65% of the American population) by Glezen WP. 19 However, Johnson-Mueller 10 put the US figure at 675 000 deaths and more recently Murray et al. 7 at only 400 000 deaths (0AE47% of the total population). Whatever is taken as estimation of the American pandemic death burden, it is well below the European estimations we provide and others have provided. A possible explanation is that, at the end of WW1, Europe was characterised by massive civilian and army movements, a health care system put at its minimum and frail populations. This has very likely heavily impacted the European death toll. Finally, we measure the indirect impact of the influenza virus on the mortality. Herein, we analyzed all-cause mortality and not only influenza or pneumonia deaths. Indeed, we were obliged to base our estimation on the available monthly data on concerned total mortality, not influenzaand-pneumonia (P&I) mortality However, there is a striking linear relationship between the overall annual influenza-and-pneumonia mortality records, for each of the 11 countries where such data were available, and the total number of excess deaths ( Figure 6 ). This is consistent with the hypothesis that P&I mortality is a relatively constant proportion of the total number of deaths, and supports our use of the total number of excess deaths to quantify the death toll of the pandemic. There was a high level of variability between the excess of mortality experienced in the 14 countries we studied, with a minimal value of 33% in Finland and a maximal value of 172% in Italy. Ninety years later, the reasons for this variability are difficult to investigate. We pointed out that there was a clear north-south gradient, but did not find a rationale for this gradient. All factors that can be related to the mortality burden such as the existence of co-infectious diseases, especially bacterial pneumonia and tuberculosis, or socio-economic status were unlikely to have a north-south gradient. Possible geographic determinants of the influenza mortality are cold temperature and vitamin D deficiency relative to low sunlight exposure, but they would have implied a higher mortality in northern countries, not the opposite as we observed.
We observed a high degree of synchronism in Europe, with the highest mortality peak occurring in all countries within a 2-month window (Oct-Nov 1918) (Figures 3 and  4) . All but two countries (Denmark and Italy) experienced at least a two-wave pattern. In addition to this common feature, six countries had an earlier first wave of excess mortality before October 1918 (Bulgaria, Portugal, Germany, Finland, Switzerland and Spain) and five countries (Spain, Denmark, Finland, Germany and Switzerland) had one late excess-mortality waves in February and March 1920. The very peculiar profile of mortality in Finland could be explained by their civil war that caused 30 000 deaths in early 1918 (that could not be excluded directly from our analysis because of their unknown spatiotemporal distribution).
A fourth wave having occurred in the early spring 1920 similar to the one we found was reported before in specific settings. 10 Including 6 additional months in the calculation of excess mortality (until July 1920), would have increased the burden estimates as follows: 405 800 (+153 744) deaths in Spain, 60 500 (+5768) in Finland, 13 600 (+3044) in Denmark, 510 200 (+83 663) in Germany and 39 000 (+9080) in Switzerland.
Where the 1918 pandemic first emerged is still being debated. A recent analysis of the 1918 H1N1 genome failed to single out a particular location. 20, 21 The origin has been successively proposed in Asia, 8 in a British army post in France in 1916, 22, 23 in USA, 8, 21, 24, 25 or in Spain. 24 An Asian origin could explain the pandemic starting in summer. 26 The European origin was not supported by Taubenberger et al. in their 1997 report on the sequence of the 1918-virus genome extracted from autopsy samples (obtained from the Armed Forces Institute of Pathology in Washington, DC) of 28 US servicemen who died of the flu during their military service. 27 Our findings can provide clues as to the origin of the pandemic and do not make plausible an European origin: indeed, if the pandemic would have started somewhere in Europe, we would have expected to see a spatiotemporal spread outwards from this hypothetical origin, while the data show that all the European countries reached simultaneously their epidemic peaks. 
